ABSTRACT. The ontogenesis of elastin and collagen accumulation and growth of the lung were studied in Wistar rats from day 18 of gestation until day 30 postnatally. Dexamethasone phosphate 0.1 mg or normal saline solution every 8 h for three doses was injected into pregnant rats on day 17. The effects of treatment, age, and sex on lung wet weight, lung dry weight, body weight, DNA, protein and desmosine (estimated by radioimmunoassay), and hydroxyproline were determined in the offspring. Dexamethasone inhibited lung growth and, to a lesser extent, body weight gain. While lung wet weight, lung dry weight, and body weight remained significantly reduced until postnatal day 15, the lung weightlbody weight ratio was depressed only until postnatal day 5. The lung dry weight/ lung wet weight ratio was decreased on day 20 of gestation and at birth. DNA concentration remained slightly but significantly reduced throughout the study period. Exogenous glucocorticoids accelerate fetal lung maturation in many species including humans (1) and rats (2) and are used to advance lung maturation in the human fetus at risk of preterm delivery. Inhibition of lung growth after prenatal exposure to glucocorticoids has been observed in rabbits (3), rats (4, 5 ) , and monkeys (6) and has given rise to concern for the human fetus exposed to such therapy.
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Abbreviations RIA, radioimmunoassay BSA. bovine serum albumin Exogenous glucocorticoids accelerate fetal lung maturation in many species including humans (1) and rats (2) and are used to advance lung maturation in the human fetus at risk of preterm delivery. Inhibition of lung growth after prenatal exposure to glucocorticoids has been observed in rabbits (3), rats (4, 5 ) , and monkeys (6) and has given rise to concern for the human fetus exposed to such therapy.
One question that arises from these findings in animals is whether "catch-up growth" occurs after the inhibitory effect of glucocorticoids on growth has ceased. Investigations of weight and DNA concentrations have led to the conclusion that catchup growth of the lung occurs after glucocorticoid administration in the pseudoglandular phase in the rabbit (3) and in the canalicular-saccular period in the rat (7) . However, to establish whether catch-up growth entails normal structural differentiation, mor-phological (8) or biochemical structural analysis is required. Although elastin and collagen have been used as markers of connective tissue structure of the lung in newborn and adolescent rats (9) (10) (11) (12) , no data are available on the fetal rat lung. The present study reports the ontogenesis of collagen and elastin accumulation in rat lung between day 18 of gestation and day 30 postpartum and investigates the effects of prenatal glucocorticoid administration on growth and structural development of the rat lung. A radioimmunoassay for the determination of desmosine, a specific cross-link amino acid of elastin (13) is described.
METHODS
Desmosine for preparing the standards and the antiserum was obtained from Elastin Products, Pacific, MO. Desmosine for preparing the label was provided by Dr. S. J. M. Skinner after purification (14) . Collagen type I was provided by Dr. G. Gibson after extraction from rat tail tendon (15) . Calf thymus DNA, bovine serum albumin, 1-ethyl-3(3-dimethylamino-propy1)-carbodiimide-HC1, hydroxyproline, and triethylamine were obtained from Sigma Chemical Company, St. Louis, MO. Triethylamine was redistilled over ninhydrin.
[3H]acetic anhydride was obtained from Amersham International plc, Auckland, New Zealand. Reagents were analytical grade.
Animals and study design. Two series of experiments with differing population structures were performed and analyzed separately. The "fetal rat" series consisted of fetal and newly born rats. The "postnatal rat" series comprised rats of between 5 and 30 days of age.
Fetal Rats. Female virgin outbred Wistar rats from Auckland
Medical School were placed with a male at 1700 h and their vaginas examined for the presence of sperm the next day at 0800 h (days 0 and 1). On day 17 (pseudoglandular period of lung development) at 0800, 1600, and 2400 h, one group of dams was injected with 0.1 ml saline subcutaneous and another group with 0.1 mg dexamethasone sodium phosphate in 0.1 ml saline subcutaneous (Decadron, Merck, Sharp and Dohme Ltd., Auckland, New Zealand) corresponding to approximately 1 mg dexamethasone sodium phosphatelkg body weightlday. A third group of rats was left undisturbed. On days 18 and 20 at 1200 h, the dams were killed by carbon dioxide asphyxia and the fetuses removed from the uterus and stored on ice. Pups delivered spontaneously on day 23 were killed by carbon dioxide asphyxia 3-4 h after delivery. Each fetus and newborn rat was weighed individually and its sex determined (not on day 18). The lungs were dissected free from the hili under a dissecting microscope and individually weighed on a Mettler AC 100 balance (coefficient of accuracy at 10 mg was 0.15% and at 2 mg was 1.5%). The lungs were lyophilized and dried in a vacuum oven at 60" C to constant weight. The lungs from each pup in the 18-day-old litters were 604 SCHELLENBI ZRG ET AL.
pooled. Lungs of pups from 20-day-old litters were pooled according to the sex of the pup. In each neonatal litter, four males and four females were chosen at random and separated into two male and two female pools of two individuals each. Postnatal Rats. Breeding and treatment were the same as for the fetal rat group. Only rats that were born on the 23rd day of gestation were used. The litter size was reduced to ten by random removal of pups shortly after birth to eliminate litter size bias due to competition for milk. At 5, 10, 15, 20, and 30 days of age (day of birth = day 1) two animals from each litter (one male and one female if possible) were killed and processed.
Maternal Rats. Postpartum weights of four saline-injected rats were compared with four that were injected with dexamethasone.
Biochemical analysis. Approximately 6 mg of dried pooled tissue was weighed and subjected to papain digestion three times for 24 h at 65" C. Aliquots were taken for determination of DNA (16) and of protein (1 7). Protein values were corrected for protein contained in papain. Approximately 5 mg of tissue was hydrolysed in 1 ml 6 M HCI under nitrogen in sealed glass ampoules at 110" C for 72 h. The hydrolysates were dried with a vacuum centrifuge and resuspended in water. Aliquots were used for the determination of hydroxyproline (18) and desmosine. Serial dilution curves of hydrolysates from 18-and 23-day-old fetal rat lungs were linear for hydroxyproline concentration and the blank values were zero. No corrections were made for hydroxyproline contained in elastin. Desmosine was determined by RIA as desmosine tetraacetate after cellulose chromatography (19) followed by acetylation with triethylamine as described below. Standards run in parallel with the samples through chromatography and RIA yielded recoveries of 73 r+-5%, (mean + SEM, n = 2 x 4).
Desmosine acetate assay.
Procedures were similar to those of a previously described assay for isodesmosine (19) . Important modifications were as follows.
Antigen. Acetylated desmosine was purified by gradient elution using 100 ml 0.2 M sodium citrate pH 2.4 and 100 ml 0.2 M sodium citrate pH 4.35 arranged in series. This yielded three peaks on UV spectrophotometry at 280 nm, the major one of which eluted between pH 3.0 and 3.4 and displayed the typical absorbance spectrum for desmosine and did not react with ninhydrin. Desalting was achieved on a 190 x 8 mm Dowex 50x 8-200 column with 250 ml 0.1 M acetic acid. Desmosine tetraacetate was eluted with I M ammonium hydroxide. The molar ratio between desmosine and BSA was 9: 1.
Antiserum. Titer was 1:3200. Label. Specific activity was 10.5 Ci/M desmosine tetraacetate. Acetylation of Standards and Samples. Triethylamine and acetic anhydride were added to desmosine or to chromatographed hydrolysates suspended in 400 p1 water in polyethylene tubes. After vortexing, the mixture was left at room temperature for 2 h and then lyophilized and resuspended in 0.1 M tris pH 7.2 for RIA. Maximal acetylation was obtained with 10 p1 triethylamine and 200 p1 acetic anhydride after 2 h. No difference was found between I and 3 h incubation. Blank values with or without prior chromatography increased zero-binding to a negligible degree. The coefficient of variation for triplicates of desmosine acetylated in the same series was 3% ( n = 8). No difference was found between desmosine that had been acetylated once or twice. Correlation between five dilutions of isodesmosine that were acetylated separately and assayed by RIA (19) was linear (rZ = 0.99).
Assay. Standards and samples were taken up in 100 p1 0.1 M tris pH 7.2 in glass tubes. Labeled desmosine tetraacetate (10 000 cpm in 90 fil O.1M tris pH 7.2), 100 ~1 0 . 2 5 % y-globulin, 10 p1 lysine acetate (100 pg), and 100 p1 antiserum (1/100) in 0.1 M tris pH 7.2 were added. The mixture was left at 4" C for 12-16 h prior to separation of bound from free ligand with 2.5 ml of 83% saturated ammonium sulfate. Specificity of the Assay. Of the 25 acetylated amino acids tested, isodesmosine acetate and lysine acetate cross-reacted most (12 and 0.004%) and hydroxyproline acetate the least (< 0.0002%). Cross-reactivity of desmosine and isodesmosine was much less than 0.1 %. Chromatographed and nonchromatographed albumin hydrolysates cross-reacted to an unacceptable degree (Fig. 1) . Specificity of the assay was satisfactory after saturating nonspecific reactive sites of the antiserum by addition of an excess oflysine acetate (100 pg) to each tube, the nonspecific binding in chromatographed neonatal rat lung hydrolysates being 2-6% (Fig. 1) . Cross-reactivity with isodesmosine acetate was reduced from 12 to 7% by addition of lysine acetate and crossreactivity with desmosine and isodesmosine remained much less than 0.1 %. Sensitivity of the assay was about 1.8 ng per tube with a working range between 3.5 and 35 ng using a final dilution of antiserum of 11400. Recovery of 0-30 ng desmosine acetate added to a constant amount of chromatographed and acetylated fetal rat lung hydrolysate containing about 2 ng desmosine was accurate up to 20 ng desmosine per tube. Serial dilutions of fetal rat lung hydrolysate showed parallelism with the standard curve. Values obtained for desmosine in neonatal rat lung hydrolysate using five different antisera from two sheep were similar considering their respective cross-reactivities with isodesmosine.
Data analysis. Concentrations of desmosine, hydroxyproline, protein, and DNA are expressed per mg dry weight. The separate effects of treatment, age, and sex on gravimetric and biochemical variables as well as their interactions were studied with a general linear model procedure. Where appropriate, Tukey's multiple comparison test was used. Litter effect was taken into account in the fetal group. The analysis was performed on a 4341 IBM computer using a SAS program (SAS Institute Inc. Cary, NC).
RESULTS
The decrease in maternal body weight between day 17 and shortly after giving birth was less in the saline group (19 k 7 g; mean + SD) than in the dexamethasone-treated group (41 + 4 g, p < 0.001) despite similar weights on day 17 (296 + 25 and 292 + 24 g). Average litter size was similar in the three treatment groups (nine to 16 pups). There were six dead fetuses out of a total of 53 1 in the fetal group and their occurrence was unrelated to treatment. There was no statistically significant difference between the saline-treated and the control group except for a higher body weight in fetuses of the saline-treated group on day 18 of gestation ( p < 0.05). Therefore, values for controls and saline-treated animals were pooled for graphical illustration. Figure 2 . In postnatal rats (days 5 to 30) DNA concentration was consistently lower in the dexamethasone group than in control and saline-treated rats ( p < 0.01, all ages together), although the difference was significant only on day 20 ( p < 0.05) when each age was analyzed separately.
Dry weightlwet weight ratio of lungs, lung dry weightlbody weight ratio, lung wet weightlbody weight ratio and protein concentration of lungs. Figure 3 shows mean + SEM and statistical differences between treatment groups. On day 20 of gestation, the dry weightlwet weight ratio of lungs was smaller in the dexamethasone group than in the control and saline groups ( p < 0.0001, corrected for litter effect and wet weight). On day 23 this difference was attenuated but still significant ( p < 0.03). In dexamethasone-exposed rats, the dry weightlwet weight ratio of lungs was lower in males than in females on day 20 (interaction of sex and treatment, p < 0.02). On day 23 of gestation, both the lung dry weightlbody weight ratio and the lung wet weightlbody weight ratio were greater in females than in males ( p < 0.05).
Protein concentration was 10% lower on day 20 than on days 18 and 23 ( p < 0.0001). Protein concentration rose nearly 20% between birth and postnatal day 30 ( p < 0.000 1).
Desmosine and hydroxyproline concentrations. Figure 2 mean + SEM.
proline concentration was not affected by dexamethasone. Lungs of males had slightly higher desmosine concentrations than females on day 20 of gestation ( p = 0.05).
DISCUSSION
Normal lung growth. The increase in fetal body weight and lung weight between day 18 of gestation and postnatal day 30 is substantial (5) . Major structural transformations of the lungs take place during this period (20, 21) . Cell density and water content decrease, which is illustrated by the progressive fall in DNA concentration and the increase in the lung dry weightlwet weight ratio. The most likely explanation for the fall in protein concentration on day 20 of gestation is the high contribution to 606 SCHELLENBERG ET AL. lung weight of glycogen (22) . The postnatal rise in protein is due, at least in part, to the accumulation of scleroproteins (Fig. 4) (9-12) .
Desmosine and hydroxyproline accumulation in normal lung.
The total amount of desmosine per lung increases 55-fold between day 18 and birth and 90-fold between birth and day 30. The total amount of collagen per lung increases 14-and 20-fold in the same time periods (see lung weights and Fig. 4) . The delay between the rapid phase of alveolar and arterial proliferation [days 3 to 1 1 (20) ] and the period of rapid increase in desmosine concentration (day 10 to 20, Fig. 4 ) corresponds to the interval between the deposition of tropoelastin and the formation of mature cross-links in the extracellular matrix (1 1, 12, 23) . We report our measurements of desmosine without converting them into elastin equivalents because there is evidence that the desmosine/isodesmosine ratio in elastin of perinatal rat lung changes with age (9) . However, assuming that the desmosine concentration in elastin of perinatal rat lung is similar to that in bovine ligamentum nuchae (approximately 1 %), collagen concentration is about 35 times greater than elastin concentration on day 18 of gestation and two to three times greater on postnatal day 30. This suggests an important role for collagen in perinatal lung structure despite its inconspicuous appearance in peripheral lung tissue (24) .
Effect of dexamethasone on weight gain and DNA levels. The earliest observed effect of dexamethasone was a decrease in the DNA concentration on day 18, 28 h after treatment started, followed by a significant reduction in lung weight gain by day 20. Body weight was affected later (by day 23) and to a lesser degree than lung weight (Fig. 2) . The depression in total DNA content in the lungs of dexamethasone-exposed fetuses was considerable and reached a nadir of 60% at birth and on postnatal day 5 (not shown). The fetal lung appears particularly sensitive to the growth inhibitory effect of exogenous glucocorticoids which is in accord with previous observations (4, 5) and is consistent with a high concentration of glucocorticoid receptors in the fetal lung (25) . In contrast to lung weight and body weight which remained significantly lower in dexamethasone-treated rats until postnatal day 15 ( Fig. 2) , the lung dry weightlbody weight ratio and the lung wet weightlbody weight ratio were significantly depressed only until day 5 (Fig. 3 ). This suggests that compensatory lung growth of a yet undetermined nature occurs in the growth-retarded, dexamethasone-treated animals. The observed decrease in lung dry weightllung wet weight ratio (relatively higher water content of the lungs) on days 20 and 23 in dexamethasone-exposed fetuses may be associated with changes in glycosaminoglycans (26) .
Effect of dexarnethasone on desrnosine and hydroxyproline.
Hydroxyproline concentration of the lung was not affected by dexamethasone. In contrast, desmosine concentration was significantly lower in dexamethasone-exposed rats during the time period of maximal desmosine accumulation, i.e. on postnatal days 10, 15, and 20. On day 10, desmosine content of the lung in dexamethasone-exposed offspring was lowest when compared to controls and saline-treated fetuses (47%, not shown). It has recently been shown that inhibition of alveolization occurs in the rat when dexamethasone 0.1 pg daily is given between postnatal days 4 and 13 (27) . It is improbable that dexamethasone exerted a similar pharmacological effect in our study considering its short plasma half-life [5 h in 35-day-old male Sprague-Dawley rats (28) ] and the occurrence of compensatory lung and body weight gain before and during the period of reduced desmosine accumulation. It is likely that the observed effect of dexamethasone on elastin accumulation is caused by events taking place between day 17 and approximately day 19 of gestation. Interference by dexamethasone with the "developmental program" (29) of the rat lung by a yet undefined mechanism is suggested. It has long been recognized that the lung is "constrained by its own developmental program" in compensating for tissue loss or maldevelopment (29) . The present data agree with findings in monkeys showing that exposure to glucocorticoids in the pseudoglandular period interferes with normal development of the lung (8) .
In light of a half-life for elastin in the order of years (12) , variations in desmosine concentrations must be caused by changes in the rate of synthesis of tropoelastin or of elastin crosslinks. Whether the reduced levels of desmosine are due to a diminished rate of synthesis per cell or whether they are due to a diminished number of elastin producing cells requires further examination. The finding of persistently lower DNA concentrations in the dexamethasone group (see "Results") gives support to the latter possibility. Our data on DNA concentration are in contrast to two other studies in which full restoration of DNA levels was found. In one study, in the rat, the dose of dexamethasone was less than half the dose we used in the present investigation and it was administered later in gestation (7) . In the other study, hydrocortisone was given intrafetally in the rabbit (3). As with lung weight and body weight, desmosine concentrations eventually attain normal levels (by day 30, Fig. 4 ), suggesting that delayed alveolization occurs (27) .
Independence of elastin and collagen production. The distinctive time course of collagen and elastin accumulation and the different responses of desmosine and hydroxyproline accumulation to dexamethasone exposure offer further evidence of independence of collagen and elastin metabolism (30) . The existence of two or more populations of fibroblasts in the neonatal rat lung, at least one of which produces elastin and another, the lipid-filled interstitial cell, which appears not to be involved in protein synthesis to any great extent, is now well established (3 1).
The present findings suggest that different cell populations are responsible for collagen and elastin production and that glucocorticosteroids selectively affect the cell population that will be involved in elastin synthesis during rapid alveolar multiplication.
